Stabilizing an enzyme while improving its activity may be difficult with respect to a general trade off relation between stability and function at the level of individual mutations. We have used site-directed mutagenesis to investigate the possibility of parallel improvements of thermostability and activity in the neutral protease from Salinovibrio proteolyticus. Four out of seven point mutations are able to promote both activity and thermostability individually and combinedly. The catalytic efficiency (k cat /K m ) of four-amino acid substituted variant (quadruple mutant) at 608 8 8 8 8C is 18-fold higher than wild type, whereas at optimum temperature is almost 50-fold higher. Quadruple mutant shows an upward shift of 148 8 8 8 8C in the temperature optimum, and a 20-, 24-, 7-and 5-fold increase in half-life at 60, 65, 70 and 758 8 8 8 8C, respectively, as a result of enhanced calcium binding. Theoretical studies have provided evidences that hinge-bending angle is reduced by amino acid substitutions. Finally, we conclude that the extended surface region between residues 187 -228, which involves three out of four beneficial mutations, influences the hinge angle which is determinant for catalysis and also involves the structural calcium which is critical for stability.
Introduction
Several protein engineering efforts have attempted to confer higher stability to protein structures or to accelerate enzymatic reactions. Mutations that improve both stability and function are very rare, because residues involved in catalysis are not optimized for protein stability, and stabilizing mutations impair active-site flexibility, which is necessary for the optimized catalysis (Shoichet et al., 1995) . However, it has been shown that the activity and thermostability can be separately improved at the same molecule (Giver et al., 1998; Miyazaki et al., 2000) .
Neutral proteases (NPs) are enzymes of commercial importance. They are characterized by a zinc ion that is bound in the active site and it plays an essential role in catalysis (Matthews, 1988) , and having their optimum activity at neutral pH. NPs bind a varying number of calcium ions that contribute to stability (Dahlquist et al., 1976; Eijsink et al., 1995) . More stable NPs bind four calcium, whereas low stable NPs bind single calcium. Several research groups have vigorously investigated the structure -function relationships of NPs by means of genetic engineering. To date, an increase of stability against autolysis and an improvement of catalytic activity in mutant NPs have been attained. These studies revealed that Ca-binding sites especially Ca-binding site 3 (Ca3) have a critical importance in thermostability of NPs and the references therein). However, there is a low evidence for the role of Ca1 in stability and also activity of NPs. In the present study, a series of point mutations were introduced around Ca1 in a mesophilic NP from Salinovibrio proteolyticus (SVP) to investigate the impact of this Ca-binding site on activity and stability of NPs. The SVP has been previously isolated, characterized and also its gene has been cloned (Karbalaei-Heidari et al., 2007 Amoozegar et al., 2008) . Thayer et al. have shown that Pseudomonas aeruginosa elastase (PAE) contains single-bound calcium ion which is located near the active site cleft (Thayer et al., 1991) . Based on the comparative analysis, most of the Ca-binding residues are identical in two proteins PAE and model SVP. Then, the interactions of calcium are very likely with amide of Asn143 (carboxyl of Asp136 PAE ), carboxyl groups of Glu179 (Glu172 PAE ), Glu182 (Glu175 PAE ), Asp190 (Asp183 PAE ), carbonyl of Ile192 (Leu185 PAE ) and one H 2 O molecule. Proximity of this Ca-binding region to the active site as well as its probable role in the stability of enzyme leads us to focus on Ca-binding site. Accordingly, seven single and five cross mutations constructed and their effects on activity and stability were studied. Finally, we observed that the four out of seven mutations are not only more active but also more stable than wild-type enzyme and their combinations higher improved both properties.
Materials and methods

Homology modeling and mutation design
Among NPs whose three-dimensional structures have been solved, SVP shares 60% sequence identity and 74% sequence similarity with PAE, but has ,50% sequence identity with better characterized NPs such as thermolysin (TLN) from Bacillus thermoproteolyticus (Colmax et al., 1972) and NP of Bacillus cereus (Pauptit et al., 1988) . Accordingly, a three-dimensional model was constructed based on the known structure of PAE (PDB code 1EZM) which preserves the overall fold shared by other NPs (Fig. 1 ). For the modeling procedure, the sequence of SVP was submitted to the Swiss Model method, using the first approach mode (http:// swissmodel.expasy.org//SWISS-MODEL.html) in combination with the DeepView 3.7 program (http://swissmodel. expasy.org/spdbv). Zinc and calcium heteroatoms were coordinated in the modeled structures. Among 10 generated models for each structure, the structures with the lowest objective function were selected. The Protein Structure Quality Score (PSQS) (http://www1.jcsg.org/psqs), ERRAT, Verify3D and ProCheck (http://nihserver.mbi.ucla.edu/SAVS) programs were used to validate the quality of the SVP models. Multiple alignments using a CLUSTAL W (version 1.9; http://www.ebi.ac.uk/clustalw) was used for comparative sequence analysis among NPs.
Site-directed mutagenesis
Mutagenesis carried out using Quick-Change site-directed mutagenesis method described by Fisher and Pei (Fisher and Pei, 1997) . Then two pairs of chemically synthesized oligonucleotides (MWG, Germany) were designed as follow: The PCR reaction mixture contained 0.2 mg template DNA, 10Â PCR buffer, 0.2 mM of each dNTP, 15 mM of each primer and PWO polymerase (1.25 units) in 50 ml. The mixture was heated at 958C for 5 min and then subjected to thermal cycling (22 cycles of 958C for 1 min, 558C for 1 min and 688C for 13 min). The PCR product incubated in a digestion reaction with DpnI at 378C for 2 h. The digestion reaction transformed to E.coli XL1-blue by chemical method. Five clones were selected randomly for sequencing and the mutagenesis was confirmed by MWG Germany.
Expression and purification of SVP
The Salinovibrio protease (SVP) gene was expressed using pQE-80L, which carries the prosequence of SVP . Constructed expression plasmid was used to transform E.coli strain BL21 (DE3). Transformants carrying SVP genes were cultivated in 500 ml of Luria-Bertani Medium supplemented with ampicilin at 378C. Isopropyl-b-D-thiogalactopyranoside (IPTG) (1 mM) was added at mid-log phase, and cultivation was continued for 24 h. The cells were removed by centrifugation at 10 000 g for 20 min at 48C, then supernatant containing extracellular protease concentrated by ultrafiltration using an Amicon YM 10 membrane (Millipore, Billerica, MA, USA) and used for purification. For purification to homogeneity, enzymes were partially purified in one step on Q-Sepharose column equilibrated with 20 mM Tris -HCl, pH 8.5. Partially purified SVPs were finally loaded on a Sephacryl S-200 gel filtration column, equilibrated with the same buffer containing 0.3 M NaCl and the active fractions were used. All the purification steps were performed at 48C. Homogeneity of the purified enzymes was confirmed by the single band on SDS -PAGE.
Determination of protein concentration
The enzyme concentration was determined from optical density measurements at 280 nm and 208C, usually in triplicate, using a UNICAM UV2-200 spectrophotometer and quartz cells with a 1-cm path length. An experimentally determined value of e 55 800 was used as molar extinction coefficient for SVP. Enzyme concentrations for this determination were obtained using a value of 34 200 for the molecular weight of SVP variants . Protein concentration was also measured according to the method of Bradford using bovine serum albumin as the standard.
Atomic absorption
The binding of calcium to both wild-type and quadruple mutant SVP was determined by atomic absorption. The enzyme was dissolved (30 mg/ml) in 20 mM Tris -HCl buffer, pH 8.5, and 0 or 10 mM CaCl 2 , and an aliquot (1 -2 ml) of this solution was loaded on a Sephadex G-100 column (1.6 Â 50 cm) (Amersham Pharmacia Biotech) equilibrated and eluted with 20 mM Tris -HCl buffer, pH 8.5, containing 0 or 10 mM CaCl 2 , respectively. The calcium content in the protein-containing fractions was determined using a UNICAM 929 flame atomic absorption spectrometer with an acetylene/air flame. Calcium measurements were carried out at 422.4 nm. These data allowed us to calculate mole of calcium per mole of protein.
Enzyme activity
The proteolytic activity was assayed by the modified method described previously (Pazhang et al., 2006) . The proteolytic reaction was carried out in 20 mM Tris -HCl buffer, pH 8.5 and in the presence or absence of 10 mM CaCl 2 for 8 min at 608C. The final concentration of the enzyme was 20 mg/ml. Kinetic constants for wild-type and mutant SVPs were determined from a series of initial rates at different concentrations of casein over the range of 0.05-2% (w/v) that bracketed K m . The assay solution (480 ml) was pre-incubated at specified temperature for 1 min, followed by adding 20 ml of suitably diluted enzyme to initiate the reaction. After 8 min, the enzymatic activity was halted with 500 ml of 10% trichloroacetic acid (TCA), kept at 48C for 30 min and then centrifuged at 14 000Âg (Hermle 236HK, Germany) for 10 min and subsequently the absorbance of supernatant was measured against a blank at 280 nm. One unit of protease activity was defined as the amount of enzyme required to liberate 1 mmol of tyrosine in 1 min at 608C. Steady state kinetic parameters were determined at constant solvent content and experimental data were analyzed graphically and numerically using the Lineweaver -Burk equation. The specific activity ( product formation/mg enzyme per minute) was determined in the same buffer, 0, 2 or 10 mM CaCl 2 and 1.25% (w/v) casein for 8 min at different temperatures.
Hinge-bending analysis
The hinge-bending angle was determined based on methods described by Holland et al. (Holland et al., 1992) . For this purpose, first superimposing the C-terminal domains of the two structures being compared and then the angle of rotation required to bring the N-terminal domain of one protein into register with the other determined.
Thermal inactivation
For the determination of half-lives and inactivation kinetics, purified proteases in 20 mM Tris -HCl, pH 8.5 containing different concentrations of CaCl 2 were incubated at 60, 65, 70 and 758C for differing times, samples were snap-cooled in an ice-water bath and then assayed for residual caseinolytic activity at 608C. Plots of the log of residual activity versus time were linear, indicating a first-order decay process under these conditions.
Calculation of thermodynamic parameters
The rate constants (k cat , k inact. ) were used to calculate the energy of activation energy according to the Arrhenius equation:
) is the rate constant at temperature T (K), A a preexponential factor related to steric effects and the molecular collision frequency, R the gas constant (8.314 J mol 21 K
21
) and E a the activation energy of the reaction. Hence, a plot of ln k versus 1/T gives a straight line with the slope being 2E a /R. The thermodynamic parameters of activation were determined as follows: ) is the rate constant at temperature T (K).
All measurements were performed in at least three independent experiments. The deviations from the averages which are shown in this study were less than 10%.
Results and discussion
Homology modeling and mutant design
The homology modeling of SVP elaborated by Swiss-Model utilized PAE as a template. To achieve a reliable structure, the model structure has passed two kinds of verification methods: PSQS and Verify 3D which mainly focus on the local environment and ERRAT and ProCheck which mainly focus on local geometry. All of these indicated a high quality of the model (Table I) . Based on the model structure, substitutions were designed around single structural calcium (Fig. 1) , which is located 14.8, 13.7 and 15.7 Å far from zinc, Glu148 and His230 catalytic components, respectively. These distances give us opportunity to improve enzyme activity and avoid structurally disrupt or quench its flexibility. For this purpose, residues in SVP were replaced by residues at equivalent positions at other NPs. Accordingly, three groups of mutations were created: (i) replacements in Ca-ligated residues, Asn143Asp (N143D) and Ile192Glu (I192E), (ii) replacements in the Ca-involving loop, Val189Pro (V189P), Ala195Glu (A195E) and Gly203Asp (G203D) and (iii) replacements in middle distances (up to 20 Å ) from the Ca-binding site, Ile217Pro (I217P) and Ala268Pro (A268P). All mutations are placed at surface loops except N143D, which is located in the a-helix. In combination of mutations, only a mutant with improved activity was accepted, if its stability was greater than that of wild type. This requirement was intended to ensure the preservation of high activity in the stabilized enzymes, and thus determines the extent to which the activity and stability can improve simultaneously. Since mutations were occurred in Ca-binding region, measurements were performed in the presence and absence of 10 mM CaCl 2 .
Enzyme kinetics
Seven single and three cross mutations were constructed and their effects on activity and thermostability were studied. Kinetic parameters towards casein were measured in the presence and absence of 10 mM CaCl 2 at 608C for all variants and at 748C for wild-type and quadruple mutant (Table II) . All single mutants presented lower activity in the presence of calcium. However, all mutations improved the catalytic efficiency (k cat /K m ) of enzyme, except N143D and I192E. The catalytic efficiency of single mutants improved as I217P.G203D.V189P.A268P.A195E. Single mutants were combined to explore what further activity improvements are possible beyond that accessible by single mutations. I217P was excluded because of the lower stability than wildtype enzyme (see the results of thermal inactivation). The catalytic efficiency of triple mutant A195E/A268P/G203D and quadruple mutant V189P/A195E/A268P/G203D far surpassed that of wild type as a result of an increase in affinity to substrate (K m ) and in intrinsic catalytic rate constant (k cat ). Catalytic parameters of wild-type and quadruple mutant were also determined in the optimal temperature of activity of quadruple mutant in the presence of 10 mM CaCl 2 (see next results). Interestingly, final improvements in k cat /K m for quadruple mutant at 608C were 18-and 12-fold in the presence and absence of CaCl 2 , respectively, and by comparing enzymes in their respective optimal temperature, quadruple mutant obtained 48-fold more activity than wild-type (Table II and Fig. 2) . Also, kinetic results on FAGLA as peptide substrate confirmed a remarkable activity improvement of quadruple mutant (data not shown). Although several mutations in NPs could yield a higher activity toward synthetic substrates (Yasukawa and Inouye, 2007) , mutation effects were often less pronounced for proteinaceous substrates (Mei et al., 1998) . However, this is one of the first engineered NPs whose caseinolytic activity exceeded parental activity so dramatically.
Temperature dependence of the catalytic activity
The temperature dependence of all variant activities was determined in the presence of 0, 2 and 10 mM CaCl 2 between 20 and 958C (Table II) . T opt for wild-type enzyme was Ca-independent and about 608C. Among single mutants, the most striking effect was observed in V189P which increased the T opt about 48C in the presence of 10 mM CaCl 2 . However, the Ca-dependent cooperative effects of single substitutions increased T opt as much as 148C (Table II) , on the level of differences between homologous mesophilic and thermophilic enzymes. Furthermore, in the absence of calcium, quadruple mutant exhibited higher activity than wild-type at low temperatures (Fig. 2, inset) . This is an interesting result that a mesophilic enzyme with negligible activity at room temperature is converted into a thermophilic enzyme in the presence but with amenable activity at room temperature in the absence of CaCl 2 .
Higher active enzymes are characterized by a lower energy barrier for reaction ( (Table II) . So, highly active variants overcome the negative effects of activation energy by increasing the activation entropy (DS # ), namely, hyperactivity is entropy driven. The activation parameters of quadruple mutant also indicated that the activation energy (E a ) increases as much as 3 kcal mol 21 in the presence compared with the absence of calcium, implying the Ca-dependent increase of the number or strength of enthalpy-driven interactions that have to be broken during activation.
Hinge-bending displacement
In NPs, despite similar overall tertiary structures, a substantial hinge-bending displacement is observed in one domain relative to the other (Holland et al., 1992) . It is also well established that the less mobility of active site is a major structural feature responsible for the greater efficiency of substrate binding and hence the greater affinity to substrate (Siddiqui and Cavicchioli, 2006; Fedøy et al., 2007) . So, a comparative structural analysis was carried out on the hinge region of active site cleft to address the structural feature(s) responsible for the advanced catalytic properties of engineered SVP. Our comparative analysis indicated a So, the improved substrate affinity of quadruple mutant might be due to the decreased hinge angle and leads to the lower flexibility of the active site. The fact that three out of four mutations occur in the extended loop structure between amino acids 187-228 reveals that this region has a great impact on the interdomain conformation and subsequently on the substrate affinity.
Thermal inactivation
Irreversible thermal inactivation could be a complicated function of susceptibility to autolysis, temperature, enzyme unfolding and substrate unfolding. However, autolysis has been known as the major mechanism responsible for the irreversible inactivation of NPs (Imanaka et al., 1986; Vriend and Eijsink, 1993) . Our SDS-PAGE analyses across the temperature range showed that thermoinactivation is due to autolysis but quadruple mutant was clearly less susceptible to autolysis (data not shown). Thermoinactivation rates for all variants were determined at 60, 65, 70 and 758C in the presence of 10 mM CaCl 2 . Among single mutants, V189P, A195E, G203D and A268P marginally increased the thermoresistance of enzyme. Despite low individual contributions, combination of stabilizing mutations led to strikingly slower inactivation rates and more prolonged half-lives (Table II) . After 90 min incubation at 558C, wild-type enzyme had no residual activity, whereas quadruple mutant retained almost 100% of its original activity (data not shown). Quadruple mutant also exhibited a 20-, 24-, 7-and 5-fold increase in the half-life at 60, 65, 70 and 758C, respectively (Table II) . Kinetic parameters were measured from initial rates at different concentrations of casein over the range 0.05-1.5% (w/v), at 608C in 20 mM Tris-HCl (pH 8.5), 0 or 10 mM CaCl 2 . Kinetic parameters of wild-type and quadruple mutant at 748C were indicated in parenthesis. T opt and half-lives (t 1/2 ) of thermoinactivations are obtained in the presence of 0, 2 and 10 mM CaCl 2 at 60, 65, 70 and 758C. T opt was determined from the fitted curve. Thermodynamic parameters for caseinolytic reaction (k¼k cat ) were calculated at 608C and for wild-type and quadruple mutant were also calculated at 758C (values in parantheses). Thermodynamic parameters for irreversible thermoinactivation of activity (k ¼ k inactivation ) were calculated at 758C. a Values are the averages of three experiments and standard errors are less than 10%. b Optimum temperature; the error margin amounts to approximately 0.58C. c Values (in minutes) are the averages of three experiments and the standard errors are less than +6%. d Standard errors are less than 5% of the values given.
Parallel improvements of activity and stability
The other variants fell within these two extremes. Those differences in half-lives between quadruple mutant and wild type diminished at higher temperatures could be due to the fact that autolysis is increased at elevated temperatures as a result of either increased structural flexibility or catalytic activity. Residues 189, 195 and 203 are located in the same surface loop, and replacements of these residues jointly lead to a remarkable increase in thermoresistance. One might speculate that these mutations combinedly affect the structure and/or mobility of the 187-228 surface loop, and it seems that either single or double mutations could not result in a significant change in the loop structure and consequently their effects on stability are marginal. Calcium dependence of the rate of thermal inactivation was measured as the half-lives in 0, 2 and 10 mM CaCl 2 at 758C (Table II) . Although calcium concentration did not influence the thermostability of wild-type SVP, quadruple mutant was remarkably stabilized Ca-dependently. This confirms that the stability of engineered enzyme is strongly dependent on calcium. To probe further the Ca-dependence of thermostability, the half-lives of Ca-dependent variants, V189P, triple and quadruple mutants relative to wild-type were determined at 758C as functions of CaCl 2 concentration (Fig. 3) . The dependence of half-life on CaCl 2 concentration is sigmoidal. Assuming that the shift in the curve reflects a difference in calcium affinity, we found that mutant enzymes bind Ca 2þ more tightly than wild type. Indeed, wild type is almost Ca-independent and if a little change in half-life is considered, its midpoint is 10-12 mM. However, the curves for V189P and triple mutant decreased to 7 mM, and that of quadruple mutant shifted to 4 mM. In contrast to wild-type enzyme in which the affinity of calcium site is very low and consequently titration effects are insignificant, titration effects are noticeable especially for quadruple mutant. Calcium content of wild-type and quadruple mutant SVP was determined by atomic absorption (Table III) . Interestingly, in the absence of CaCl 2 , a molar ration of 1:1 was observed between calcium and enzymes. When enzymes dissolved in 10 mM CaCl 2 , analysis of calcium content revealed a molar ratio of 1:1.4 between calcium and quadruple mutant SVP, but a molar ratio of 1:1 between calcium and wild-type enzyme. A comparison between TLN with four bound calcium and quadruple mutant SVP indicate that substituted residues Glu195 and Asp203 in quadruple mutant are equivalent to Glu190 and Asp200 in TLN. Then it seems that quadruple mutant SVP has two Ca 2þ -binding sites, strong and weak ones, and wild type has only one strong Ca 2þ -binding site. Binding of the Ca 2þ ion to the strong site may not seriously affect the stability of the protein, whereas binding of the Ca 2þ ion to the weak site may considerably stabilize the protein.
Previous investigations indicated that the activity of NPs is high enough to degrade unfolded molecules immediately so that the rates of thermal inactivation and thermally induced autoproteolysis become identical (Durrschmidt et al., 2001) . Accordingly, total heat inactivation of activity of wild type and all variants was analyzed according to the following kinetic model,
and the activation parameters were calculated from Arrhenius plots. Analysis of the thermodynamic parameters of activation for the inactivation process (Table II) at 758C showed that, as expected, the inactivation rate (k inact ) for quadruple mutant is the lowest and correspondingly, the energy barrier for inactivation DG # is the highest. Also, E a , DH # and DS # are highest for quadruple mutant, implying that, despite an unfavorable entropic contribution, the higher thermostability of quadruple mutant is due to the sharp slope of the Arrhenius plots and subsequently to high activation energy E a and DH # . It has been suggested that extended loop structures on the molecule surface are responsible for the reduced thermostability of enzymes (Davail et al., 1992) . In NPs, an extended loop structure which is critical for the thermostability was found in N-terminal domain (Van den . However, we indicated that the extended loop structure between residues 187-228 in SVP, correspond to residues 179 and 224 in PAE and residues 181 and 232 in TLN, is also important for thermostability. This region in thermophilic NPs such as TLN involves Ca-binding sites 1, 2 and 4, but in lower stable NPs such as PAE and SVP contains single structural calcium correspond to Ca-binding site 1.
The present work shows that this loop constitutes a weak point of lower stable NPs, possibly an initiation site for unfolding. It has previously noted that Ca3 is crucial for the thermostability of TLN-like proteases (Voordouw and Roche, 1975; Voordouw et al., 1976; Veltman et al., 1998) . However, we demonstrated that Ca-binding site 1 is determinant for the stability of less stable NPs such as SVP and PAE. We can offer two reasons for the increased stability as a result of amino acid substitutions in the extended loop structure. One is simply that this region contains an autodegradation site and mutations protect the enzyme from autolysis. Similar stabilizing effects have also reported for other NPs (Veltman et al., 1997; Matsumiya et al., 2004) . The second reason is that the Ca-dependent effects of mutations globally confer higher resistance to protein fold.
Conclusion
In this article, we discussed parallel and drastic improvement of stability and activity of a NP by individual as well as combined mutations around structural calcium. The modified SVPs showed remarkable increased activity against casein. Increases of activity in mutant SVPs are due to the increase of k cat as well as decrease of K m . It is noteworthy that these increases were achieved by mutations that are all out of the active site. Although internal motions require for enzymatic reaction and their restriction generally decreases enzyme activity (Imoto et al., 1994; Yoshida et al., 2005) , we indicated that flexibility of the active site decreased in highly active mutant SVPs, judging from the analysis of the thermodynamic activation parameters. This is an interesting result that activity was not hindered by the reduced flexibility of the active site. On the other hand, our theoretical analyses indicated that the altered catalytic behavior may be associated with a reduction of the domain hinge-bending angle by about 48 and a closure of the active site cleft. These results may indicate that some sort of fluctuation coupled with activity has been decreased in engineered SVP. Perhaps the extra flexibility provided by wild-type enzyme is not essential for catalysis and it could even be accounted for its suboptimal activity.
Mutations around single structural calcium enabled us to achieve an approximate T opt of thermophilic enzyme TLN (748C for quadruple mutant SVP compared with 778C for TLN . The temperature adaptation of SVP by very limited amino acid substitutions in intrinsically stable C-terminal domain is interesting, because previous investigations showed that thermal stability of these enzymes is mainly determined by local unfolding in surface regions of more flexible N-terminal domain.
Finally, we have provided a clear evidence for the possibility of the parallel improvements of stability and function of proteins. This finding disagrees with the common idea that a trade-off relation exists between protein stability and function especially at the level of individual mutations (Shoichet et al., 1995; Tokuriki et al., 2007) . 
